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Background and Purpose: Rapid assessments of forest damage caused by natural disasters such 
as ice-break, wind, flooding, hurricane, or forest fires are necessary for mitigation and forest 
management. Forest damage directly impacts carbon uptake and biogeochemical cycles, and thus, 
has an impact on climate change. It intensifies erosion and flooding, and influences socio-economic 
well-being of population. Quantification of forest cover change represents a challenge for the 
scientific community as damaged areas are often in the mountainous and remote regions. Forested 
area in the western Croatia was considerably damaged by ice-breaking and flooding in 2014. Satellite 
remote sensing technology has opened up new possibilities for detecting and quantifying forest 
damage. Several remote sensing tools are available for rapid assessment of forest damage. These 
include aerial photographic interpretation, and airborne and satellite imagery. This study evaluates 
the capability of Landsat-8 optical data and a vegetation index for mapping forest damage in Croatia 
that occurred during the winter of 2014.
Materials and Methods: The change detection analysis in this study was based on the Normalized 
Difference Vegetation Index (NDVI) difference approach, where pre- and post- event Landsat-8 
images were employed in the ENVI image change workflow. The validation was done by comparing 
the satellite-generated change detection map with the ground truth data based on field observations 
and spatial data of forest management units and plans. 
Results: The overall damage assessment from this study suggests that the total damaged area covers 
45,265.32 ha of forest. It is 19.20% less than estimated by Vuletić et al. [3] who found that 56,021.86 
ha of forest were affected. Most damage was observed in the mixed, broadleaf and coniferous 
forest. The change errors of commission and omission were calculated to be 35.73% and 31.60%, 
respectively. 
Conclusions: Landsat-8 optical bands are reliable when detecting the changes based on the NDVI 
difference approach. The advantage of Landsat-8 data is its availability to acquire data and detect 
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INTRODUCTION
Every year we observe forest damages 
caused by natural disasters such as floods, 
tornados, ice-breaks, windstorm events, forest 
fires and hurricanes. Due to climate changes, 
in recent years natural disasters appear to be 
increasing, which calls for rapid assessment 
and monitoring of damage and conditions. 
Change detection studies are important to 
aid human response to forest cover change. It 
is important to collect the information about 
the processes that cause changes as well as 
patterns and extent of the changes [1]. The 
regular assessment is necessary for updating 
forest cover maps and the management of 
natural resources. 
Forest damage directly affects forest 
ecosystem, as well as other natural processes and 
socio-economic state and well-being of human 
population. Assessment of forest damage is 
important for estimating forest carbon uptake 
as well as understanding biogeochemical cycles, 
climate change, soil erosion, and watershed 
processes. Forests allow for multiple resource 
benefits that include livestock grazing, wildlife 
habitats, as well as tourism and recreation. The 
preservation of forests helps conserve natural 
habitats and global biodiversity of flora and 
fauna, while providing other benefits for the 
public. Recently, because of increased public 
awareness of natural resource policy, public 
concerns have shifted toward sustainable forest 
management and long-term preservation of 
public lands including urban forests. Urban 
forest management is receiving a special 
attention for the reasons of increased health 
and economic vitalities to many communities. 
Burban and Anderson [2] emphasized three 
phases of emergency action for a natural 
disaster mitigation: 1) preparation - monitoring 
the severe weather systems, developing 
a disaster response plan and allocating 
responsibilities to the community members; 
2) response – immediate activity during and 
after the disaster such as tree damage clean-
up and identifying different methods of better 
and safe migration of people through the 
damaged area; 3) recovery - attempts to restore 
conditions including tree planting and care, 
and protection of young trees and young forest 
ecosystem.  
Quantification of cover change represents a 
challenge for management and inventories of 
forests as the damaged areas are often vast and 
located in remote mountainous regions [3]. 
While physical access to the affected areas and 
ground assessments may be complex, remote-
sensing techniques enable a fast regional-
scale damage assessment. This technology 
provides some of the most accurate means of 
measuring the extent of damaged forest [4-7]. 
In addition to the spatial dimension, multi-
temporal satellite data allow for quantifying 
the forest cover changes patterns within a 
spatio-temporal framework for better forest 
management and policy decision-making. 
As summarize by Chehata et al. [8], the 
medium or high spatial resolution sensors are 
commonly used to detect defoliation [9], clear-
cut detection [10-11], or deforestation [12, 
13]. Landsat TM and Modis have been applied 
in the studies related to windfall damage [14, 
15] using the pixel based approach. Chehata et 
al. [8] used the object based change detection 
in windstorm damaged forest using high-
resolution multispectral Formosat-2 images. 
Multispectral images are commonly used to 
assess the damage in two different approaches 
1) based on vegetation indices, 2) using image 
classification methods. In the former, the trend 
between vegetation indices, before and after 
changes within a few days after an event. The data are publicly available and free of charge. The 
spatial resolution of 30 m is fine enough for a rapid assessment of forest damage. Merging different 
optical sensors (e.g. Landsat and Sentinel-2), or, considering active and/or thermal remote sensing 
satellite imagery would be necessary for monitoring damaged areas during winter time. 
Keywords: ice break, floods, forest, remote sensing, Landsat-8
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the event, are commonly compared in a per-
pixel approach. The later includes classification 
of pre- and post-event maps and the differences 
are based on the changes in land cover classes. 
The relationship between the Normalized 
Difference Vegetation Index (NDVI) and 
proportion of damaged areas per pixel [16], or, 
between image texture and the percentage of 
crown loss, are commonly explored approaches 
[17, 18]. Traditional pixel-based supervised cla-
ssification using supervised object-oriented 
classification and image differencing of 
vegetation indices are equally used in the forest 
change detection studies [19, 20]. 
Desirable indices include numerous 
Vegetation Indices (VIs) such as the Normalized 
Difference Vegetation Index (NDVI), fraction 
of Photosynthetically Active Radiation (fPAR), 
and Leaf Area Index (LAI). Vegetation indices 
are computed across all pixels without prior 
assumption of biome type, land cover condition 
or soil type [21]. 
NDVI is a function of near infrared (NIR) and 
red (R) spectral range and is computed using 
the following equation [21]:
    NDVI = (NIR - R) / (NIR + R)
NDVI ranges from -1 (bare land) to 1 (high 
vegetation cover). Healthy vegetation has low 
reflectance in the red spectral region due to 
high absorption of light by chlorophyll and 
other pigment, and has high reflectance in 
the NIR due to the internal reflectance by the 
structural properties of the mesophyll spongy 
tissue of green leaf. The NDVI is a measure of 
leaf greenest and the photosynthetic capability 
of leaves [22]. Any abrupt change in NDVI 
suggests changes in vegetation canopies and 
thus, NDVI can be an adequate measure of 
forest change. Although NDVI can change 
due to different environmental factors such 
as soil moisture and the weather, this index is 
commonly used for the forest damage detection 
due to non-systematic variation as described by 
Huete and Liu [23] and Liu and Huete [11].
This study evaluates the capability of 
Landsat-8 and NDVI derived from this sensor 
for mapping forest damage caused by extreme 
weather events in western Croatia during the 
winter of 2014.
Landsat-8 is an American Earth observation 
satellite launched on February 11, 2013 
that began normal operations on May 30, 
2013. Landsat-8 carries two instruments: the 
operational land imager (OLI), which includes 
a deep blue band and a shortwave infrared 
band for cirrus detection in addition to the 
existing visible and infrared bands, and thermal 
infrared sensor (TIRS), which provides two 
thermal bands. Both sensors provide improved 
signal-to-noise (SNR) radiometric performance 
quantized over a 12-bit dynamic range. 
Landsat-8 data products are consistent with all 
standard Level-1 data products as explained on 
the USGS web site [24], where also all details 
about processing levels of all Landsat data 
products could be found.  The Level 1T  data 
products are terrain corrected datasets with 
spatial resolution of 30 m for OLI multispectral 
bands. The Landsat-8 satellite images the entire 
Earth every 16 days. The data are georeferenced 
and processed to the Universal Transverse 
Mercator (UTM) map projection using the 
World Geodetic System (WGS) 84 datum. The 
Level 1G data product provide systematic and 
geometric accuracy, which is derived from data 
collected by the sensor and spacecraft. The 
Level 1T provides systematic radiometric and 
geometric accuracy by incorporating ground 
control points and applying a Digital Elevation 
Model (DEM) for topographic accuracy. 
The forest damage was observed over five 
Croatian counties between January 31st and 
February 6th 2014 [3]. The damaged resulted 
from freezing rain and flooding. Freezing 
rain (ice-breaks) damaged forest stands in 
the Primorsko-Goranska County. Extreme rain 
events resulted in excessive flooding in the 
Zagrebačka County and Sisačko-Moslovačka 
County. To a lesser extent, the damage was 
observed in Karlovačka County and Ličko-
Senjska County. A state of natural disaster was 
proclaimed in all five counties. To apply to the 
European Union (EU) Solidarity Fund, Vuletić 
et al. [3] presented their field methodology for 
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rapid damage assessment and quick recovery 
of the damaged forested areas. The damage 
cost assessment included damage of forest and 
forest ecosystem, forest roads and skid-trails, 
the cost of recovery, afforestation and post-
afforestation protection, as well as the cost of 
emergency interventions during the event and 
damage risk prevention. 
As stated by Vuletić et al. [3], there is no 
methodology for fast and reliable assessment 
of forest damage in Croatia. Thus, we decide 
to explore remote sensing technology and 
assess the damage using widely available multi-
spectral remote sensing technology.  
MATERIALS AND METHODS
The study area was chosen based on the 
paper of Vuletić et al. [3]. The area consisted 
of five Croatian Counties affected by ice-breaks 
and flood events in the winter of 2014. The 
impact severity on the forest organizational 
units (Forest Administrations - FA) in each 
county which are managed by Croatian Forests 
Ltd. was different (Figure 1).
The method used in this study was based 
on Landsat-8 Level 1T images (paths/rows 
190/28 and 290/29) [24]. Data from summer 
2013 (August 2013) and 2014 (July 2014) 
were radiometrically and atmospherically 
corrected using FLAASH, a module embedded 
in ENVI software (Figure 2). FLAASH corrects 
wavelengths in the visible through near-infrared 
and shortwave infrared regions, up to 3 µm [25]. 
The module created a cloud map classification 
image used during FLAASH processing to 
refine the calculations. Mid-Latitude Summer 
(MLS) atmospheric model was used to run the 
corrections. Several clouds observed on the 
images were masked and excluded from the 
calculations. Two Landsat-8 tiles from each year 
were mosaicked to cover the area of interest 
(Figure 1). The histogram equalization was 
applied to avoid any differences in radiometric 
scheme of different images. Instantaneous 
NDVI was calculated for each image and the 
simple image NDVI difference approach was 
used to detect the forest damage. The images 
were chosen in the peak of growing seasons 
when any changes in NDVI are most prominent. 
Using the ENVI image change flow approach 
FIGURE 1. Landsat-8 images for the region of interest (45º33’41.83’’ N and 
14º59’47.32’’ E) acquired during the summer 2014 (path/row 190/28 and 190/29). 
Source: Google Earth and USGS Landsat.
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the NDVI difference image was generated. The 
default threshold was applied to generate the 
NDVI difference image between 2013 and 2014. 
The change detection areas were delineated 
based on the NDVI default value of zero for 
change-no change areas. Kernel size of 20 and 
aggregation minimum size of 100 was used 
in the ENVI process. The change class image, 
change class vector, change class statistics and 
difference image were imported to ArcGIS for 
further analysis.
ArcGIS was used to compare the findings 
with the ground truth data collected in 2014 
and reported by Vuletić et al. [3]. The ground 
truth polygons were based on the damage 
intensity of forest stands in accordance with 
the Methodology for Damage Assessment 
Caused by Natural disasters, Croatia. The 
forest units were separated in broadleaf 
and coniferous forests although many units 
consisted of mixed forest represented by both 
broadleaf and coniferous stands. Each forest 
type was assign a grade based on the damage 
intensity and was classified as destroyed or 
damaged at different levels, using percentages. 
The trees were considered damaged when their 
upper third of the crown were damaged more 
than 50%. Broken and uprooted trees, and 
trees with majority of the crown broken were 
considered as totally damaged (destroyed) 
trees [3]. The damaged forest considered areas 
where less than 70% of trees were damaged. 
The destroyed forest considered forest stands 
where damaged trees were estimated to be 
higher than 70% [3].
The land use map was provided by Corine 
Land Cover Croatia (CLC Croatia) [26], which 
was then used to compare the NDVI difference 
maps and the ground truth polygons for 
broadleaf and coniferous forest.
RESULTS AND DISCUSSION
Our results suggest that the area affected 
by the natural disaster in the western Croatia 
during the winter of 2014 occupies a total 
area of 45,265.32 ha (Figures 3, 4 and 5). It is 
19.20% less than estimated by Vuletić et al. [3] 
who found that 56,021.86 ha of forest were 
affected.  
Furthermore, Vuletić et al. [3] suggested that 
19,245.79 ha of forest were seriously damaged, 
while 9,808.22 ha were totally destroyed. 
In our findings, based on the NDVI differences 
and the natural breaks generated in ArcGIS, the 




















FIGURE 2. Major steps used in the analysis
FIGURE 3. NDVI difference map (Dark color 
represents the damaged area)
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FIGURE 4. Total damaged area generated by Landsat-8 using the NDVI difference 
approach and classification using ArcGIS natural breaks
FIGURE 5. Comparison of damage between the remote sensing approach and field 
method
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classification results show that high damaged 
area occupies 1,151.91 ha, moderate-to-high 
area occupies 4,448.43 ha, moderately damaged 
area occupies 13,940.10 ha, and low damaged 
area consists of 25,724.79 ha (Figure 4). In this 
approach, the class breaks are identified that 
best group similar values and that maximize the 
differences between classes. Differently than 
for ground truth findings, where the damage 
variability within each county is not considered, 
the resulting map considers high variability and 
shows different levels of damages regardless of 
administrative boundaries. 
The errors of commission and omission 
associated with change are calculated to be 
35.73% and 31.60%, respectively (Figure 5). The 
errors are observed generally at the edges of 
the damaged areas, except for a pathway that 
is running throughout the area. The satellite 
generated map classified this area as damaged, 
whereas the same area is excluded in the 
ground truth maps. Based on the provided land 
cover map, we have observed that the pathway 
consists of mixed and broadleaf forest.
As shown in Figure 4, we categorized 
the levels of damage intensity on the NDVI 
difference classes in this study. Overall, our 
study suggests that minimum of 16.24% of 
broadleaf forest, 24.32% coniferous, and 
54.83% of mixed forests were damaged or 
destroyed by the ice-breaks in 2014. 
For the purpose of practicality, we draped 
the polygons with different levels of damage 
intensity generated by Vuletić et al. [3] over 
the map generated in this study (Figure 6). 
We generated maps for different levels of 
damage over broadleaf and coniferous forests. 
Both the broadleaf and coniferous forests 
show somewhat higher errors of omission for 
damaged areas than for the destroyed areas. 
In other words, more agreements can be seen 
for destroyed areas suggesting that satellite-
generated maps are more accurate in some 
high severity areas. This is reasonable to expect 
as satellite imagery is more sensitive to larger 
NDVI differences. In addition, visibility of the 
damage during the summer period may become 
somewhat unnoticed when low damaged 
broadleaf trees receive new leaves, which may 
occur as early as 10-14 days following the 
event. However, Ciesla et al. [27], suggest that 
experience has shown that ice storm damage 
incurred during winter can still be resolved and 
classified on leaf-on color infrared (CIR) aerial 
photos taken at a scale of 1:8,000 during the 
summer leaf-on period following the event. 
To develop a robust assessment of change 
detection it is important to pay attention to 
quantifying the change omission errors. Also, 
in a robust assessment, the area of 5,524.51 
ha may be included in the calculations due to 
cloud cover. 
Landsat-8 is widely available imagery, 
free of cost and can be downloaded in a few 
days after the data are collected. The spatial 
resolution of Landsat-8 images of 30 m is 
fine enough for the initial assessment of the 
damage under a clear sky. Our further analysis 
will involve thermal bands and also temporal 
bands throughout the winter time (weather 
permitted) to examine the impact of weather/
seasons, flooded water, soil moisture, and 
surface temperature on the delineation of the 
damaged areas. For instance, more water and 
colder temperature result in longer retention 
time of ice in the forest. Remote sensing images 
acquired during winter time together with 
meteorological ancillary data could provide 
addition information about behavior of the 
damaged areas during the winter time. This 
can considerably aid the preparedness plan 
after the ice melt. However, remote sensing 
data acquisition using optical sensors during 
the winter time stays a challenge. Besides 
the weather factor, the 16 day revisit cycle of 
Landsat can be another obstacle especially in 
the winter time when the weather is cloudy. 
Merging different optical sensors (e.g. Landsat 
and Sentinel-2) and to increase temporal 
data acquisition, or, considering active and/or 
thermal remote sensing satellite imagery would 
be necessary for monitoring damaged areas 
during winter time. 
Although we believe that some uncertainties 
in our results may come from the NDVI 
threshold values, cloud masking, and spatial 
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FIGURE 6. The comparison of the damaged and destroyed areas for broadleaf and 
coniferous forests. Note: We excluded the area in the middle of the maps where the 
damage is not considered by the ground truth polygons. Also, small areas in the top 
left corner of the maps are excluded due to clouds.   
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FIGURE 6. The comparison of the damaged and destroyed areas for broadleaf and 
coniferous forests. Note: We excluded the area in the middle of the maps where the 
damage is not considered by the ground truth polygons. Also, small areas in the top 
left corner of the maps are excluded due to clouds - continuation.   
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resolution of the sensor, one should consider 
that the ground truth observations can be 
challenging and biased as the area is remote 
in some instances and the estimation of the 
percentage damage is often subjective. To 
explore the impact of digital elevation model 
(DEM) embedded in Landsat-8 datasets we 
attempted to incorporate the ASTER DEM 
dataset in the calculations; however, the 
differences were insignificant. 
CONCLUSION
This study explores a commonly used 
approach for estimating forest damage caused 
by ice-breaks, using Landsat-8 datasets, available 
to the public. Landsat-8 is expected to be 
advantageous over the previous Landsat sensors 
as it has better radiometric resolution and more 
available bands. In this study, the NDVI difference 
approach was used to delineate the damage. 
Two Landsat-8 OLI images were used in the 
analysis, one for summer 2013 (pre-event 
dataset) and summer 2014 (post-event dataset). 
The resulting map shows that the damaged 
area is 19.20% less than estimated by Vuletić 
et al. [3]. The error of omission is 31.60% and 
error of commission is 35.73%. The results 
indicate that proposed index NDVI approach 
performs sufficiently well in detecting the forest 
changes. However, the time series analysis 
including different seasons is needed to refine 
the findings. 
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